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PSR Beam-Pulse Formation and Control*

R. A. Hardekopf
Los Aldmos National Laboratory
Los Alamos, New Mexico 87545

Introduction—

The Proton Storage Ring (PSR) is a major addition
to the Weapons Neutron Research Facility (WNR) at
LAMPF . It will act as a bunch compressor for the
relatively lo,.g linac macropulses from LAMPF, tailor-
ing them intr short, intense pulse:; ideally suited for
neutron-scattering research. This pal)e~.concentrates
on the methods used to form these pulses before
injection into the lindc, to multiplex the PSR beam
with other LAJIPF users, and to synchronize the storage
ring with pulse arrival time at injection and with the
WNR mechanical neutron chopper at extraction.

WNR Pulse Characteri~tics

To understand the pulse struci.ure required by the
PSR, it is useful to begin with the operation of WNR
in its present configuration. The LAMPF accelerator
produces 1300-MeV proton beams with a 750-ps-lo)ng
macropulse structure at a 120-Hz repetition rdte.
Within the macropulses are many 2’30-MHz micropulse~, ,
each containing 3-5 x 108 protons. WNR oper]tes in
one of two modes, micrupu ,e or microsecond.

For high-energy neutron work, single mi:ropulses
at a minimum spacing of 1 us throughout an entir!~
macropulse are selected. Thus, i.his is a low-
intensity mode, wasting the capability of the LJMPF
accelerator during that macropulje. Furtnermote,
because other LN4PF users must b,? satisf’ed, only one
macropulse in ten can be diverted to WNIJ, resJlting
in a maximum 12-Hz overall rate. As Fi(~, 1 dep~cts
graphic~lly, this combination provides very narrow
pulses but with low peak intensity and only about
0.25-IIA average current.

For slow-neutron (thermal afldepiLhermal) work,
much longer pulses can be used, up tr, 10 DS in
length, and these are taken at ‘the end c.teach LAMPF
macropulsem To maintain high a~eraqe intensity, both
the pul~e width and the repetition rate must be higher
than des!red for mdny experiments. A typiCdl
!)-ils-long pulse, aj depicted In F!.j. 1, contains
11)00ml repulses dnd gives an intf:grated intensity of

i:, x 101 prJton~/pulse for an tlverage current of
about 10 IIA.
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PSR P~l~e Charac!.eristlcs— —.—.. —

The P.iR will remove the limitations imposed by
cwnprumlse between lntenslty ard r[’solution. convert-
ing much murr of the LAMPF tzfd’n to pulses SIIltdhle fOr
Ilcutron work without se!lously tmpncting oiher LAMPI’
U$ersm [t op~rat~s both as d PUI$II compressor,
squwzinq the 750-lls-long LAMPF pu’lses into much
short?r ones (770 ns), and ds an accumulator dnd
r~p~tltlon-rate shifter, acccptlng pulse$ at thr
norms! LAMPF rate of 170 Hz ard cj{!ctlng them at
7?() H1. ‘t. accompl~s!les the,se op~ratlons ulth a
s(gnlflcant g,!ln In time-avort,yed Ibcam Intcnslty.

}lqur~ I dcplcts graphically the qaln in integrat-
ed protons/pulso for the two opertiting modes of PSR
comparrcl with the two WNM modts dltcussed earner.
lhc short bunch (S!1)modv, shown UI the Iefl, ~111

replace the rxlst!ng HNR mlcropuls? mode for hlgh-
enrrgy nvutroll al~pllcatloll>. In this mudo, protun$
arr acr.umulatod ir,SIX equally spac~d I-ns buIIchps

“~iirl-$upJorLcc[l]yLS l)cportm~,,ltof ~nergy.
-.---- .- .
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Fig. I
Comparison of WNR and WNP/P\R pulse characteristics
for the two modes of operdtion. On the Ie:t \ndnu-
second time scale) Is the SB m’id+?used for h!yh-enuryy
nuclear physics experiments dnd on the rtyllt (micro-
second time scale) i~ the LY mode used fur 51uw-
neutron scattering experiments. lhe peaks are sclle-
matlc repreJentdtions of the importdnl pdrdmeters fur
neutron production: ItItCgrdt@d protons pr’r pui$e
versus pulse width, Over~ll repetitloo rdtes and
dverdge beam currents fur these operdtlunal muuc} dru
Indicated In thu lol~eled boxer,

during tht? last IOU us of edch LAMPF’ Macropul$e. The
LAMPF beam Is modified during this Inh?ctlollwtu~
by d chopper buncher systwm in the low-energy llnd~
transport to form n sfimIrv’,Leof pulse$ spaced al
60-ns inler~ti!>. lhe rloy f.lt’cb:dtlullperlud ii
synchronized with this ln~umlng pulse train su lhat
3LdJmlcropul~es are accllmulated III each of LIIe SIX
~lrty bunches. The I-ns bunch width Is mainlallmu
during accumulat~~n dnd Ktora~@ by d NIJ-MIIz bullch!:r
systcm lrI thd ring. Indlvldudl bunch Rmtrakltoll take>
place betwc!en LPt4Pt t:ljwtlun CYLIWS at
7?0-111 rate,

f I,unilanl
tach bunch cun~alos 1 x 10 1 prl~tuns,

yis!lcllngan ave~”agt?current 1!1thu SU Wude uf % 1? vA.



The lonq-bunch (LB) mode, shown on the right in
Fig. 1, repfaces the WNR microsecond mode for-low-
energy neutron applications. Here the gains are even
more dramatic as the bunch width is decreased to
270 ns, the protons/pulse is increased to 5 x 1013,
the repetition rate is lowered to 12 Hz, and the
average current is increased to about 100 PA. For
this PSR mode, one odt of ten LAMPF macropulses are
chopped at the injector into 270-ns-long segments at
a 360-ns period, synchronous #ith the ring circulation
period. The sntire macropulse ic accumulated by the
PSR into a 270-ns-long pulse with a 46-A peak circu-
lating current. The pulse width is maintained hy a
2.8-MHz harmonic buncher in the ring, and the pulse
iS extracted about 100 US after inJeCtiOn is
complete.

PSR Control Sunmary

It is clear that PSR operation places new require-
ments on beam preparation and transport at LAMPF,
including synchronization and timing aspects that are
crucial to successful operation. Figure 2 is a
schematic of the accelerator, storage ring, and WNR
target area showing major components that affect PSR
operation. Here I will mention only briefly these
components, with more detailed descriptions of some
of the active components to follow.

The injection scheme for PSR requires H- beam
produced in a new, intcns~ H- source at LAMPF. The
beam is chopped ~nd bunched in the low-energy trans-
port line, accelerated to 800 MeV in the linac, kicked
into Line Cl in the LAMPF switchyard, and bent into the

PSR irjection line where it is magnetically stripped
to neutral atoms just before entering the ring orbit.
A foil stripper in the first section fully strips the
beam to protons. A PSR injection kicker magnet and
foil stripper in the Line O by-pass allow multiplexed
operation between PSR and airect L/u4PF beam for wi~.
Thus the old modes of WNR Operation can be provide(.
to experimenters while PSR operates at a low duty
cycle for tune up and machine pnysics cest~. After
accumulation of the pulse in PSR is complete, tile
bunches are kicked out by two ext~accio? kir’’ers tnat
perturb the orbit so that the pulse pdsses into the
extraction septum magnet. The firing circuit for tnti
extraction kicker allows synchronizing the target
pulses with a WNR mechanical neutron Choppti, operating
at 30000 rpm.

Low-Energy Br,m Chopper

One of the keys to PSR operation is prepdratlon
of the pulse structure befor~ the beam is accelerdt~d
so that incoming bunches are synchronized w,th tne
ring period and active bunchers in the rloy. A
traveling-wave beam chopper has been designed tor the
H- injector transport line tu provide pulset not
only for the two PSk modes, but also for the existing
WNR direct modes and other LNIPF u~ers of H- uedIII.
The design is a careful balance Letweerl severdl
faCtOrS that influence chopping efficiency and I.Ldt?-
of-the-art pulsed electronics capability. 1~ acljieve
clean mlcropulsn selection with high irlterlslLy,~
pulse rise time of <b ns is required, dnd the
chopper must be coupled with a subhdrmun]c prt!huflcl~er
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to compress transmitted beam into the acceptance of
LAMPF’s 201-Mz bunching system, The beam optics of
the newly de~igned b- transport system dictated
20-mrad deflection as G minimum for complete separa-
tion of the ch~pped beam, taking into account the
expected 2n cm.mrad emi~tance from the ion source.
For this deflection angle and for pu?ses of less than
1 kV, a deflector \l-m long ‘S required. The
750-keV ions travel at 1.2 cm/ns, takinq abolt BO ns
to Lraverse this distance. Therefore, a traveling-
wave principle must be used, with the deflecting pulse
longitudinal veloc]ty matched to the beati,velocity.

Figure 3 shows the coax-plate deflecting structure
that we have designed for the chopper. It uses flat
plates on the structure’s beam side soldered to ano
supported by short lengths of coaxial cable th?t
connect adjacent plates across the back of the ground
plane. The lengths of the cables are adJusted to
match pulse propagation to beam velocity. The plate
width ald spacing tt~ljscan be chosen to give the best
compromise between efficiency and coupling. Because
the coaxial cable provides most of the path length,
deleterious effects from mismatch at the corn~rs are
avoided, as well as coupling between turns cn the
structure’s back. The scape of the plates and their
spacing from the ground plane are adjusted empirical-
ly, providing 50-0 impedance with minimum perturba-
tion at the coaxial-cable transition. lndividu~l
plate replacement is accomplished easily without
disturbing the rest of the structure,

The thickness of the plates influences pl~te-to-
plate coupling; therefore, we used 0.4-nm-thick spring
steel for desirable stiffness, with copper platlng for
better conductivity, We can thus maximize efficiency
by making the plates 7.9 tmnwide on a 10.2-nrn center-
tu-;enter spacing for a 76X aspect ratio and a 94%
calcu~dted dc efficiency. The chupper’s bandwidth

with an assumed spacing of 2.@ CIII between deflecting
structures is z200 MHz.

Two power amplifiers (positive output and negative
output) with the fol lowiny characteristics are
required for driving the deflection structures.

Rise acd fall times <5 ns
Voltage output into 50 0 >600 V
Pulse width z15 ns to 1 ms
Duty factor 10% maximum
Time iitter c1 ns

An amplifier configuration using eight paralleled
planar triodec has been developed to meet these
requirements.

A paper] Describing this development, including
the POISSON calculation studies and laboratory
measurements, was presented at ~he 1983 Particle
Accelerator Conference in Santa Fe. Completion of the
two power amplifiers, the deflecting structures, and

the vacuum box is scheduled for completion in the
spring of 1984.

Swltchyard Kicker Maqnet

The change from protons to H- bedm for PSK/WNR
has necessitated a complete redesign of the LAMPF
switchy]rd area, where beams are directed into tne
major experimental areas. The positive and negative
beams, simultaneously accelerated by LAMPF, are first
spatially separated by a verticdl bending maynet.
Low-intensity negative beam is qirected into Line X
(nuclear physics) while the Chopoea, hlyh.lntenslty
negativt beam is bent into Line D (PSR/UNF!) by a fast
kicker magnet and a septum magnet.

in the SE mode of PSR operation, each macropulse
is shared with other LPMPF H“ users; therefure it
!s desirable to minimize the kicker rise time, during
which time no beam zan be transmitted (the chop~l}r



provides the qap required). A time of 40 us was
chosen as a reasonable compromise between beam
efficiency and driver capability. The magneticfield
must be established and settled to within 0.3% during
this period.

The fast rise time, variable pulse length (100 to
1000 LIS), high duty factor, and high deqree of
amplitude regulation required by the kicker magnet
hav? determined the design. Ue have chosen a Singie-
turn conductor, lumped-inductance ferrite magnet for
the basic element, partly In order to use existing
ferrite bricks and support equipment. However, to
have the required current in the range rf 2 kA where
solid-state regulator circuits are applicable and at
the same time keep the magnet inductance and peak
voltage to low val~es, we chose to construct the
kicker magnet in two identical sections with separate
drivers. The mechanical construction of each section
is a l-m-long stack of ferrite blocks with a 5.cm-
high by 10-cm-wide aperture. The LIflithas a calcu-
lated inductance of 3 IIH, and both sections together
yield a 1.2° kick for 2-kA currer?t.

The modulator design uses a three-loop current
driver to supply current to the kicker magnet, The
circuit uses a high-current transistor amplifier in
coojunctio, with a dual pulse forming network (PFN)
to establish, sustain, and regula;e the required
current wave. The transistor amplifier/reguletor and
the dual PFN energy store share in the overall current
development; the amplif+er s~pplies 10-15% of the
tothl while the PFNs supply the remainder. Active
feedback is used in the amplifier/regulator to
deripple the PFN contribution and prwide a constant
current to the kicker during the reqllired pulse
interval. Adjustment of the pulse length is achieved
by a PFN line-length-changing circuit that couples
aporoprlate sections of the PFN together through
semiconductor switches, Kicker magnetic-field level
is set by adjusting the PFN charge voltage and a
reference voltagp level suppl led to the feedback
circuit.

PSR Extracl.ion Kicker

Once the injection CVCIV is complete, the extrac-
tion pro~ess can begin. L[~ng-bunrh extraction takes
place soon after Injection a*. the same rate. Stlort-
bunch extraction is at si: times the injection rate
and take% place at equal intervals throughout the 8.3
ms between LAMPF cycles, The short-pulse moie of pSR
opera$ ion requires the extraction of single 1-IIS
proton bunches from up to six bunches circulating at
60-ns intervais in the ring. This requires the kicker
magnet to turn on nnd off quickly and to turn off
cleanly so as not to disrupt the remaining proton
bunches, Thes~ requirements led to the choice of a
kicker “maqnet” that is a car~fully terminated strip
tr~nsmisston line. For transverse electromagnetic
waves, the pulse must propagate through the electrodes
in the direction opposite to the beam propagation scr
thfit the e“lectric and magnetic forces deflect the beam
in the same direction,

lh~ pulsP power supplies? provi(l~ t45-k V
pulses to the plates with rise time, of 30 ns (SU
mode, 770 Hz) or 50 ns (LB mode, 12-/4 Hz). For the
LH mode, thr pulsp must be sustained for 30U ns with
a flat-top spectficatlon of !1%. Thr$e power ]Pve~\
are obtained by resonant charging of an lntermediato
energy-sioro capacitor hank lhat Is switched into a
fllum’leinI)FN a few microspconcit Imforc extraction
time. Olscharqe rrf the PFN intc the load is ihrough
hiqh. ~oltag~ thyratrons ●specially developed for this
application.

Extraction pulses must br =.ynchronlzed within I IIS
of the circulatin!l bcarn avd, for th~ S11mude, must
provide compl~tr flexibility In thv cntrfictlon

sequence. This will allow nonuniform loading of the
bunches, extraction of alterr,ate bunches to reduce
instabilities, and possibly nonuniform extraction
times for experimental purposes. For the LB mode, the
circuit provides a 200-Ps window dhrir)g which time
a fire signal synchronized with the UNR mechanical
chopper can extract the pul;e, subject to tPa 3b0-us
ring period.

Timlnq and Synchronization

The interaction with LAflPF is complicated by the
many pulse-selection options rsquired: tiOCMIeV or
dual-energy LAMPF operation, PSR and/or MNR running
in either of two basic modes with possible multiplex-
ed Operation, tune-up of PSR with reduced repetiLlon
rate and modified pulse structure, and simultaneous
chopping of H- beams for LAMPF experimenters when
required. As indicated schematically in Fig. 4, the
system is intimately connected with LAMPF timing, dno
t!ose coordination is essential.

A computer-to-computer link is envisioned co
establish t~e basic mode requests between PSR and
LAMPF operations. The LAMPF master timer then
Provides the appropriate timing gates as inclica~ea 111
Fig. 4. Independently of these “slow” gates, PSK
establishes the fast chopping patterns through CMMHL
consnands to the ck,opper ccntrol and pattern yeneratur
(CCPG) located in the LAMPF injector area ncdr tne
tl- chopper. lhese patterns are sync,lronized to the
two basic PSR frequencies, 2,8 MHz and lb.7 MHz, WIIICII
are transmi~ted by ttre frequency and synchronlzallorl
generator (FSG) to the CCPG, to the PSK master
synchronization system, and to a new low-frequency
buncher (16.7 MHz) in the H injection line. Tht
patterns are selected and multiplexed within the LLPb
by the LAJ4PF maste,’ timer gates and apDlied to tile
amplifiers driving the fast H- chopper.

There are three levels of control that provice “Ie
needed flexibility: first, the frequency of the
indicated gate patterns on a macropulse b~sis (for
example 12 riz for LB mode, 120 Hz for M mode);
second, the length of the Jates thdt establ:sh the V\K
or U*IR portton of the macrnpulse; and third, thd
synchl.onized pa:l~rn structure produced by the L;Pb.
Selection at all three level~ will be provided at lrIe

PSR control con$oie within boundaries esLdbl IslIcu by

LAf4PF.
Although t,}e burners in the rlny are synchrunizcu

to the same tlequencies (or multiples) used illpul.e
selr~tion, there is a phase uncertainty IIvcause uf LIIC
different transit ti,m~s for the beam pulses and rt
signals, The PSR m~ster synchronization systell WIII
establish the correct phase relationship by com{~ar}ng
the arrival time of beam in LIIP l’Sll!n.Jection line
with the rf signals in tht’ buncher cavities. bynchru=
r,ized operations, such as posltio~ mon!t,ors and bew
extraction, will derive their sigilals from these
phase-locked reference frequencies. Slower uperd-
t,ions, such as turn 011 of the injuct ion kicker mdynct

and start of or’bit-bumper prograrrrniny, will be ydled

by pulses from the lJSk t~m!lly processor, whlclI
receives trigger pulses from the LAMPt master timer.

Figure b displays the relation betweer! LAM~F bQWII
gate:. for a few macropuises IIIthe two basic PM
modes. The patterns indicated In lIIQ figure on a
nanosecond time scale arc c112vvIoDu(Iby the Chupvcl’ tor
the two modes during thr en,!ll;vtime drtermllled by LIIC
gates, Low-inten~ltv t!-benm CaIJ be accelerall?d
Simultaneously with the Iligh-inl.ensity Ii’ LNdm ft”w
LAMI’}. lhus the S1)mode, In whi~~l Or)ly onc out ul
twelve micropulscs is ddmltteo, does nut lnlpa~tm~$ull
prwluctlon In Arr!a A. llowevuI, IL-b(’m IIItill’Lll
mode will tsc IIcarly t+qual in Illtensl!v to thu l!+
beam, and rf-cdvity loadlny prw-ludc sinlult~r:ruu~
acceleration. Up to 10% of LAtlPF production (Ic!(Jut
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‘>(lil,m~t{cdl Iql,IItlto Illustrate tlmlnq and $yncllronlzdtlo~i ccmmuinlcatlon betwue II P5h, LAMPI, LIIILI the 11-
i!lj,l[. tot art,,), 11111 foc II~ of tl)( control for P5R is the LCPti which genrrales pul~t’ Lrain$ to drive tlIe clI~IppuI’
ampl If Irr. AILIIOIIqlIthe pottri.ns arc control led from I)SR, overall timing ydtes must be pruvidod Dy L/itIWf

tllroljqll th~. m(t~ter llmI’r. Tllc FSG fl!’rlve$the rf needed to synchronize clInLIpvI’pJttel.llSwith LIIC P5H LJuIIclItI’s,
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This diaqram ~+ow~ the interlacing of PSR beam with other LAMPF beam> for the two basic modes of operatloll,

.

I.frwintensity H- beam, either from the H- or pol~rized source, or chopped fur the SB mode, can be dcctilerd-
ted simultaneously with th.a high-intensity H+ beam. In the SB mode, PSR takes the last 108 PS of each
(nominal) ToO-lIs-long mac”opulse. For the LB mode, tile chopping pattern retains much of the interlst H-
beam, requiring that H+ marropulses Le s!<ipped during PSR injection, Many other combinations are po~sible,
includinq multiplexed operation with different typus of ch,opped beams.

(If 170 1{7) will oe made ,~ailahle for P5R in the LB Ring,” Pruc. of 4th Illt, Vul~ed Puwcr Lent., 19,,J, 111

modp . be published.

(onclllsion—.—

FOIII-riiff~rent kinds of pul~e c,tructure~ ar~
I-e(,(lired fG; c~op~:ed bealn destined for the PS1l/WNR
coll,plex. kllthln these types, a great deal of flexib-
ility m~<t he provldpri so that WNR can operate in a
$tdfld-d’@fir mode, 01’with P>ll, or multiplexed during
the PSR romnlssioning p~rii)d. PSR beams mu>t be full~
synchronlzeri with thr rlnq bunchers and must bc
flrljllstebleIn ‘requency, length, and micropuls(’
selectlcn pattern for tune-up opprat ions. The beam
chopper, klck~r marymts, and synchron!zdtion scheme
n~cessar-y to achieve tlles~ ,jims have been described.
[:lo~v coordination with the LAMPF 1inac rf and timing
sy<t~m Will be require.d to Succf!ssfully implement all
of tht,b{]am renu Irrmcnts.
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